Introduction
============

The development of multifunctional nanoparticles as **[thera]{.ul}**peutic and diag**[nostic]{.ul}** (theranostic) agents has great impact in cancer management [@B1]-[@B12]. It offers several promising applications including the non-invasive monitoring of drug pharmacokinetics, distribution and accumulation at target sites, assessment of the therapeutic outcomes and adjustment of the individualized treatment in real time [@B3], [@B7]-[@B10], [@B13]-[@B17]. These functions are particularly important for cancer treatment and could potentially improve the overall survival of cancer patients [@B18].

Theranostic nanoparticles could be produced by either inorganic or organic materials [@B19]-[@B21]. A variety of inorganic nanoparticles including semiconductor quantum dots [@B22], iron oxide nanoparticles [@B23]-[@B26], gold-based nanomaterials (nanocages [@B27], [@B28], nanoshells [@B29], nanorods [@B30] and hollow gold nanosphere [@B31], [@B32]) and carbon nanomaterials (carbon nanotube [@B33] and graphene [@B34]) that typically possess intrinsic fluorescent, magnetic, photothermal or other interesting physical properties, have the potential to be developed as multimodal imaging and therapeutic agents [@B35], [@B36]. However, those inorganic nanomaterials are generally non-biodegradable and their potential long-term *in vivo* toxicity must be taken into consideration prior to clinical development [@B37]-[@B42]. Another appealing system for theranostic applications is the biodegradable organic nanoparticles, such as liposomes and micelles. These nanoparticles are typically fabricated from the self-assembly of amphiphilic molecules [@B43]-[@B47]. Due to their robust biocompatibility and excellent drug loading capacity, organic nanoparticles have shown promising applications in clinic. There are increasing numbers of research reports, clinical trials and approved nanodrugs based on organic nanoparticles [@B48]-[@B50]. However, most of the organic nanoparticles are more likely used as drug carriers, instead of integrating multiple functionalities. Therefore, organic theranostic agents are less well-developed when compared to the inorganic type. Although several novel multifunctional nanoparticles [@B47], [@B51]-[@B58] based on micelles, liposomes, biodegradable polymers and conductive polymers have been explored for theranostic applications, for both pre-clinical and clinical settings [@B50], [@B59], there is plenty of room for development of organic-based multifunctional nanoparticles as theranostic agents.

Despite significant accomplishments in applications of nanotheranostic agents in pre-clinical settings [@B60]-[@B62], such as functional imaging and drug delivery, barriers remain for successful implementation of these agents in a clinical setting. Many of these translational barriers relate to the complexity of fabrication, batch-to-batch reproducibility and availability of large-scale production [@B63]. A simple yet effective approach to fabricate multifunctional nanotheranostic agents is urgently needed. In the present study, we report a new generation of multifunctional poly(vinyl alcohol)(PVA)-porphyrin-based nanoparticles (PPNs) using an extremely simple and cost-effective "one-pot" fabrication approach. By introducing drugs and imaging agents in the self-assembly procedure for PVA-porphyrin conjugates, we could reliably produce PPNs with a micellar structure, integrating multiple imaging and therapeutic modalities, including near-infrared (NIR) optical imaging, positron emission tomography (PET), and compound therapy [@B64], [@B65], such as photodynamic therapy (PDT) and photothermal therapy (PTT) [@B66]-[@B68], in one single nanoplatform. This research utilized simplest materials and approach to achieve the most diverse and efficient theranostic functionalities. To the best of our knowledge, this is the first example of nanoparticle based on PVA that has achieved such broad applications.

Materials & Methods
===================

Synthesis of PVA-porphyrin conjugates
-------------------------------------

The PVA-porphyrin conjugates were conveniently prepared by conjugating PVA (molecular weight: 27KDa) with different level of porphyrin derivatives through ester formation ^64^. Briefly, the solution of PVA in DMSO was added to a solution of pyropheophorbide a, N,N\'-dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)-pyridine (DMAP), and N-hydroxybenzotriazole (HOBT) in DMSO. The reaction was kept under room temperature for 48 hrs. 5 times volume of cold ethanol was then added into the reaction mixture to precipitate PVA-porphyrin conjugates after reaction; the polymer was further washed with ethanol for 3 times and then dissolved in DMSO followed by dialysis against distilled water for 48 hrs. Finally, the PVA-porphyrin conjugates were lyophilized. The amount of conjugated porphyrin on PVA was quantified by the measurement of absorbance at 680 nm by ultraviolet-visible spectroscopy. The PVA-porphyrin conjugates were analyzed by 600 MHz Avance III NMR Spectrometer (Bruker, German) and fourier transform infrared spectroscopy (FTIR). Pyrene ratiometric method was employed to determine the critical micelle concentrations (CMC) value of the PVA-porphyrin. Briefly, 999 µL of different concentrations of PVA-porphyrin were prepared, and 1 µL of 0.1 mM pyrene solution (in acetone) was introduced into the PVA-porphyrin solutions and yielded 0.1 µM pyrene solution. The PVA-porphyrin and pyrene contained solutions were then transferred into a 96-well plate and incubated at 37 ^o^C for 2 h. After the incubation, the fluorescence of each well was evaluated by a microplate reader (excitation is 335 nm). The I~3~/I~1~ values were recorded for CMC assessment.

Preparation and characterization of doxorubicin-loaded PVA-porphyrin
--------------------------------------------------------------------

Hydrophobic drugs such as DOX could be loaded into PPNs during the self-assembly of PVA-porphyrin conjugates via dialysis method. DOX was loaded into PVA-porphyrin nanoparticles (PPNs) by dialysis of a polymer/DOX solution in DMSO against PBS buffer. DOX and PVA-porphyrin (1mg/20mg) was first dissolved in DMSO, and then the solution was adjusted pH 8.5 with borate buffer, followed by dialysis against PBS for 3 hours. Free DOX was removed via column filtration with a 10 kDa molecular weight cut off membrane. The amount of encapsulated DOX was determined using absorbance measurement by diluting PPNs-DOX solution 10 times in DMSO. The calibration curve was obtained using a series of DOX/DMSO standard solutions with different concentrations. The morphology and particle size distribution of PPNs-DOX nanoparticles were characterized by transmission electron microscopy (TEM, Philips CM-120) and dynamic light scattering (DLS, Microtrac), respectively. *In vitro* drug release profiles were carried out using the dialysis method. Aliquots of DOX-loaded PPNs solution were injected into a dialysis cartridge with a molecular weight cutoff of 3.5 kDa. The whole dialysis process was carried out at 37^o^C with gentle rocking on a rotating platform (at 70 rpm) in the presence of 10 g/L activated charcoal in 1L PBS. The concentration of DOX remained inside the dialysis cartridge at various time points was determined by absorbance measurement.

Preparation of metal-chelated PPNs
----------------------------------

Metal ions, such as Cu^2+^ could be loaded via chelation during or after drug loading. The ^64^Cu^2+^ chelation was carried out through the addition of ^64^CuCl~2~ (Washington University, MO, USA) to the PVA-porphyrin aqueous solution under stirring for 2 hrs at room temperature [@B47], [@B69]. The free metal ions in the PPNs solution were removed via column filtration using Micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA, USA). Instant thin-layer chromatography (ITLC) was immediately performed to evaluate the radiochemical purity and yield after the incorporation of ^64^Cu into the PPNs.

Cellular uptake and *In vitro* cytotoxicity studies
---------------------------------------------------

The uptake profiles of DOX-loaded PPNs in SKOV-3 ovarian cancer cells were qualitatively observed by confocal microscopy. SKOV-3 cells were seeded in an 8-well slide. When the cells were 80%\~90% confluent, cells were incubated with free DOX and PPNs-DOX (final concentration of DOX = 86 µM) for 30min and 6 hrs at 37 ^o^C with 5% CO~2~, respectively. Then the cells were washed thrice with PBS buffer, fixed with 4% paraformaldehyde for 15 min. The nuclei were stained with DAPI. The slides were mounted with coverslips and observed under a confocal microscope.

MTS assay was carried out to evaluate the *in vitro* cytotoxicity of free DOX, empty PPNs and PPNs-DOX against ovarian cancer cells. SKOV-3 cells were seeded in 96-well plates at the cell densities of 0.5×10^4^ cells/well, respectively. After 24 hrs incubation, cells were treated with different concentrations of free DOX, PPNs-DOX, and equivalent doses of empty PPNs. At 72 hrs, MTS was added to each well and further incubated for another 2 hrs. The absorbance at 490 nm was detected with a microplate reader. The photosensitizing function of PPNs was evaluated as well. The cells were incubated with empty PPNs and PPNs-DOX, respectively. After 6 hours treatment, cells were washed with PBS 3 times, and replaced with fresh medium in the plates followed by exposure to 30 mW/cm^2^ NIR light for 2 min. At 72 hrs after light irradiation, cell viability was determined using MTS assay. To measure intracellular ROS production in ovarian cancer cells, the cells were incubated in medium containing 10 µM 2\',7\'-Dichlorofluorescin diacetate (DCF) for 30 min after light irradiation. The cells were washed thrice with PBS and fluorescent images were immediately acquired under fluorescence microscope using Metamorph programme. Other cells were trypsinized and used for flow cytometry analysis. Then mitochondrial membrane potential (∆Ψm) was evaluated in pre-treated ovarian cancer cells with PPNs. At 18 hrs after illumination with NIR light, cells were loaded with 50nM DiOC6(3) for 20 min. At the same time, cells were stained with propridium iodide (dead cells) and Hoechst 33342 (nucleus). Fluorescent images were acquired using fluoresce microscope. In order to further investigate the cellular response to PPNs and photodynamic therapy, SKOV-3 cells were treated with or without 10µM PPNs for 2 hrs followed by exposure with or without light for 2 min. After 24 or 48 hrs incubation, expression level of cleaved caspase3 was measured by western blot. Lastly, cell morphology was studied via Hema3® staining. SKOV-3 cells were seeded on 6-well plate, treated with or without 10µM PPNs for 2 hrs. 16 hrs after light irradiation, cells were stained with Hema3®, observed under fluorescence microscopy.

NIRF optical imaging
--------------------

All animal experiments present in this study were performed according to animal protocols approved by the Animal Care and Use Administrative Advisory Committee at University of California, Davis. Female nude mice ages 6 to 8 weeks were purchased from Harlan Laboratories. Ovarian cancer xenograft mouse model was established by subcutaneously injecting 5×10^6^ SKOV-3 cells resuspended in 100 µl of mixture of PBS and Matrigel (1:1, v/v) at the right flank. When tumor xenograft reached 6 to 10 mm in diameter, the mice were subjected to NIRF optical imaging. For each mouse, 200 µl PBS solution of PPNs (20mg/mL) was injected via tail vein (n=5). At different time points (0.15, 3, 6, 24, 48 and 82 hrs) post-injection, mice were anesthetized by intraperitoneal injection of pentobarbital (60mg/kg), and scanned using Kodak multimodal imaging system IS2000MM with the excitation at 625 nm and the emission at 700 nm. At 6, 24, 48 and 82 hrs after *in vivo* imaging, mice were euthanized. Tumors and all major organs were excised for *ex vivo* imaging.

Pharmacokinetic studies
-----------------------

The jugular vein of male Sprague-Dawley rats was cannulated and a catheter was implanted for intravenous injection and blood collection (Harland, Indianapolis, IN, USA). Free DOX (5mg/kg) and PPNs-DOX (5mg/kg) were administrated into rats (n = 3) intravenously. At pre-determined time points, blood samples (\~100 µl) were collected via jugular vein catheter. The kinetics of DOX were measured through testing the fluorescence of 590 nm (excitation is 485 nm). The values were plotted versus time after the subtraction of blood background.

PET imaging
-----------

Real-time bio-distribution of the injected ^64^Cu-labeled PPNs [@B70]-[@B73] was evaluated by PET.Nude mice bearing SKOV3 ovarian cancer xenografts at pre-injection and 4, 8, 16, 24 and 48 hr post-injection of ^64^Cu-labelled PPNs (100 μl, ^64^Cu dose: 0.5 mCi) were scanned on a microPET system (Siemens Inveon D-PET) using standard imaging protocols for pharmacokinetic studies developed in the UCD Cancer Center Animal Imaging Shared Resource [@B74].

Photodynamic/photothermal laser irradiation
-------------------------------------------

The thermal effect during irradiation was evaluated by monitoring the temperature of PPNs solutions using an infrared thermal camera (FLIR). PVA-porphyrin solutions in the absence and in the presence of SDS were irradiated with a 690 nm diode laser system (Applied Optronics, Newport, CT), and the power was measured as 1 W with a spot size of 5 mm diameter for 30 s. The concentrations of PPNs in the solutions were 0.019 to 0.3 mg/mL, calculated on porphyrin content. The tumor temperature in SKOV-3 bearing mice was also monitored during irradiation. PPNs were injected via tail vein into the mice at a dose of 2 mg/kg based on the porphyrin content. After 24 hrs, the tumor was irradiated with a 690 nm laser at a light dose of 1.25 W/cm^2^ for 180 s. Tumor temperature changes in PBS control mice were also recorded with the thermal camera. After light irradiation, the tumor was immediately harvested to measure intratumoral ROS production. DCF was used as the ROS indicator by mixing with 100 µL of tissue lysates derived from tumors treated with PPNs and PBS. To evaluate PDT/PTT caused tumor ablation, the whole tumors were dissected 24 hours after irradiation. The specimen were fixed in 10% formaldehyde, cut into thin slices and stained with H&E. The sections were viewed and photographed under a bright-field microscopy at 20X.

Phototherapy and tumor response
-------------------------------

Subcutaneous SKOV-3 tumor-bearing mice were used for *in vivo* therapeutic study when tumor volumes reached 80-120 mm^3^ (designate as Day 0). The therapeutic efficacy and toxicity profiles of different PPNs formulations were evaluated. On day 0, all mice were randomly divided into seven groups (n=6). Mice were intravenously administered with PBS, empty PPNs, DOX∙HCl and PPNs-DOX. The DOX was given at the dose of 2.5mg/kg, and PPNs was given at the dose of 2 mg/kg, calculated based on the porphyrin content. The treatment was given every 5 days on day 0, 5, 10 and 15 for a total 4 doses. For the PPNs group, mice were irradiated under anesthesia with a 690 nm laser at a light dose of 0.5 W/cm^2^ or 1.25 W/cm^2^ for 120 s 24 hrs after the injection, and the light dose for PPNs-DOX group was set at 0.5 W/cm^2^ for 120 s. Tumor size and body weight were measured twice a week. Tumor volume was calculated using the equation (*L*× *W*^2^)/2, where *L* is the longest and *W* is shortest in tumor diameters (mm). For humane reasons, mice were sacrificed when tumor volume reached 1000 mm^3^, which was considered as the end point of survival data. At day 5 after the last dosage, blood samples were collected from each group to test blood cell counts and serum chemistry.

Statistical analysis
--------------------

Data were presented as mean ± standard error (SEM). Student\'s t-test was used to analyse the statistical differences between two groups, and one-way ANOVA for multiple groups. A value of *P* \< 0.05 was considered as statistically significant.

Results
=======

Preparation and characterization of PPNs
----------------------------------------

Fig.[1](#F1){ref-type="fig"}A schematically illustrates the chemical structure of PVA-porphyrin conjugates (PVA-Por), and how they can be used to fabricate multifunctional nanoparticles via "one-pot" approach. PVA-Por was conveniently synthesized via the conjugation of pyropheophorbide a, a chlorophyll derived phorphyrin analogue [@B75], to the hydroxyl group of PVA via one-step ester formation. The amount of conjugated porphyrin on PVA was calculated according to the calibration curve between the absorbance at 680 nm and concentrations of porphyrin standard (Fig. [S1](#SM0){ref-type="supplementary-material"}). ^1^HNMR spectra of PVA-Por (Fig. [S2](#SM0){ref-type="supplementary-material"}) revealedpeaks (9.80, 9.47 and 8.32 ppm) that are unique for pyropheophorbide a, and the absence of the peak characteristic for carboxylic acid. The 1703, 1101 and 1027 cm^-1^ peaks shown in the FTIR spectrum of PVA-Por (Fig. [S3](#SM0){ref-type="supplementary-material"}) confirmed the formation of ester linkage. PVA-Por can self-assemble to form PPNs in aqueous environment with a hydrophobic porphyrin core surrounded by hydrophilic PVA chains and a π- π stacking between DOX and porphyrin (Fig.[1](#F1){ref-type="fig"}A). The morphology of PPNs was observed under a TEM. As shown in Fig.[1](#F1){ref-type="fig"}B, PPNs in PBS exhibited spherical shapes and relatively uniform size distribution. At higher magnifications, a typical core-shell structure of PPNs was observed (Fig.[1](#F1){ref-type="fig"}C). The particle size of PPNs in PBS was determined by DLS to be 78 nm in diameter, which was consistent with that observed by TEM (Fig.[1](#F1){ref-type="fig"}D). The critical micelle concentration of PPNs was determined to be 0.040 µM (Fig. [S4](#SM0){ref-type="supplementary-material"}). PVA-Por exhibited two main absorption peaks, one at 405 nm and one in the near-infrared window at 680 nm (Fig.[1](#F1){ref-type="fig"}F). As shown in Fig.[1](#F1){ref-type="fig"}g, the NIR fluorescence of PPNs in PBS was quenched, likely due to the π-π interactions and hydrophobic characteristics of Por molecules [@B47]. In contrast, when using sodium dodecyl sulfate (SDS) to disrupt the PPNs, the NIR fluorescence at around 680 nm increased dramatically. Further, NIR fluorescence imaging also demonstrated tremendously higher fluorescence after dissociation of PPNs with the addition of SDS (Fig.[1](#F1){ref-type="fig"}G).

Besides their unique photonic properties, the PPNs could efficiently encapsulate hydrophobic drugs such as doxorubicin (DOX) during the nanoparticle formation by the self-assembly of PVA-Por. Fluorescence quantum yield of PPNs was measured to be 12.6 % (Fig. [S5](#SM0){ref-type="supplementary-material"}). The loading efficiency (LE) for DOX approached 75% when the ratio of DOX to PPNs was 5% (w/w %). However, the LE decreased to 62% and 53%, when the initial amount of DOX increased to 10% and 20%, respectively. The highest DOX loading achieved was 10.6% (w/w %) in these studies and could be considered as the loading capacity of PPNs for DOX. The particle size changed to 34 nm when the initial DOX amount was 5%. It was slightly decreased compared to the empty PPNs without payload. This is likely due to the formation of tighter aggregation in the presence of hydrophobic drug, as suggested by other reports[@B76], [@B77]. With increasing amount of DOX loading, the particles size increased gradually and the particle size distribution was broadened (Fig.[1](#F1){ref-type="fig"}H). The release profile of DOX from DOX-loaded PPNs (PPNs-DOX) was studied using a dialysis method [@B44]. As shown in Fig.[1](#F1){ref-type="fig"}I, free DOX rapidly diffused out of the dialysis cartridge and 90% of free DOX was released within the first 5 hrs. In contrast, PPNs-DOX could release DOX in a sustained manner, with initial release of 11% of DOX during the first 5 hrs as shown in Fig.[1](#F1){ref-type="fig"}I. Subsequently, PPNs-DOX showed a slow linear release profile and released 66% of drug in 72 hrs. The stability of PPNs-DOX was also evaluated. Both the particle size and drug content showed no significant changes over 3 months at 4 ^o^C in PBS. Batch-to-batch reproducibility of PPNs was satisfactory with mean particle size maintained between 61 nm to 90 nm (Fig. [S6](#SM0){ref-type="supplementary-material"}), and PPNs-DOX was found to be stable in cell culture environment with 10% FBS over at least 10days (Fig. [S7](#SM0){ref-type="supplementary-material"}).

Cellular uptake and *in vivo* biodistribution study
---------------------------------------------------

Cellular uptake efficiency of PPNs in SKOV3 ovarian cancer cells was quantified with flow cytometry at different incubation time points (Fig.[2](#F2){ref-type="fig"}A). The fluorescence intensity of PPNs was found to rapidly increase after 15 min incubation, and remained stable after 4 hrs. At 24 hrs, the fluorescence intensity of PPNs was up to 8.4 times higher than that in 15 min (Fig.[2](#F2){ref-type="fig"}A). Intracellular uptake behavior and localization of free DOX and PPNs-DOX were examined in SKOV-3 cells with confocal microscopy (Fig.[2](#F2){ref-type="fig"}B). After 30 min incubation, DOX fluorescence from PPNs-DOX was mainly located in the cytoplasm while that from free DOX could be observed in the nuclei. At 6 hrs after incubation, DOX fluorescence signal of the free DOX group was completely inside the nuclei, buta small amount of the DOX signal remain in the cytoplasm. In contrast, the porphyrin fluorescence signal of the nanocarrier in the PPNs-DOX group was low at 30 min but remained high in the cytoplasm at 6 hrs (Fig.[2](#F2){ref-type="fig"}B). *In vivo* pharmacokinetic study in rats showed that PPNs greatly prolonged the circulation time of DOX in the blood (Fig.[2](#F2){ref-type="fig"}C & Fig. [S8](#SM0){ref-type="supplementary-material"}, S9). PPNs-DOX group exhibited a 5 times higher area under curve (AUC) and 53 times longer half-life of the terminal phase (t~1/2~) than that of free DOX groups. The major side-effect of DOX is cardio-toxicity [@B78]. Interestingly, decreased cardiac accumulation of DOX was observed by using the formulation of PPNs-DOX compared to free DOX, indicating that PPNs may be able to reduce the cardio-toxicity of this drug (Fig. [2](#F2){ref-type="fig"}D).

Imaging capabilities of PPNs
----------------------------

As shown in Fig. [1](#F1){ref-type="fig"}G, PPNs emit NIR fluorescence with a peak at 680 nm, which is intrinsically suitable for *in vivo* fluorescence optical imaging. The real-time distribution, excretion, and tumor targeting efficiency of PPNs can be conveniently monitored after intravenous injection into mice bearing SKOV3 ovarian cancer xenografts. At 5 min after injection, there was strong overall fluorescence signal of the entire animal (Fig. [S10](#SM0){ref-type="supplementary-material"}). Subsequently, preferential PPNs accumulation at tumor sites was observed from 6 hrs to 82 hrs after administration, which is probably attributed to the enhanced permeability and retention (EPR) effect (Fig. [2](#F2){ref-type="fig"}E)^30^. Fluorescence intensity of the *in vivo* SKOV-3 tumor was found to peak at 18 hrs post-injection (Fig. [S11](#SM0){ref-type="supplementary-material"}). *Ex vivo* images (Fig. [2](#F2){ref-type="fig"}F) at different time points post-injection further confirmed the preferential uptake and retention of PPNs in tumor tissue, compared to other normal organs, although there was some uptake in liver and lung at 6 hrs, which is likely due to the nonspecific clearance by Kupffer cells and macrophages^30^, respectively.

In addition to their unique photonic properties and excellent drug loading capacity, PPNs could conveniently chelate imaging agents such as copper (^64^Cu^2+^), because of porphyrins and its derived analogue with a tetrapyrrole skeleton that can chelate with an incredibly diverse range of metal ions to form metalloporphyrin complexes [@B79], [@B80]. The chelation could be done separately or simultaneously with the drug loading procedure through the self-assembly of PVA-Por. The free metal ions in the PPNs solution were removed via column filtration. Instant thin-layer chromatography (ITLC) was immediately performed to evaluate the radiochemical purity and yield after the incorporation of ^64^Cu into the PPNs. After centrifuge filtration, approximate 95% radiochemical purity was achieved, indicating that ^64^Cu-labeled PPNs could be used as a potential positron emission tomography (PET) imaging probe [@B47], [@B81] (Fig. [S12](#SM0){ref-type="supplementary-material"}).

PET is a promising noninvasive imaging method to monitor the real-time bio-distribution of radionuclide-labeled nanoparticles and drugs in real time [@B70]-[@B73]. We applied PET to study the *in vivo* distribution of the injected ^64^Cu-labeled PPNs. PET imaging (Transverse, Coronal and Sagittal) showed that ^64^Cu-labelled PPNs started to accumulate at tumor sites 16 hrs after injection (Fig. [S13](#SM0){ref-type="supplementary-material"}). The ^64^Cu signal at tumor site continued to increase over a period of 48 hrs (Fig. [S13](#SM0){ref-type="supplementary-material"}). It should be noted that the center of the tumor was necrotic, which may explain why radio-uptake was low at the center of the tumor.

*In vitro* antitumor efficacy
-----------------------------

The *in vitro* antitumor efficacy of free DOX, empty PPNs and DOX-loaded PPNs against SKOV-3 ovarian cancer cells after 72 hrs continuous exposure were investigated by MTS assay. As shown in Fig.[3](#F3){ref-type="fig"}A, similar dose-dependent cytotoxicity was observed for free DOX and PPNs-DOX. Additionally, the empty PPNs did not exhibit detectable cytotoxic effects at all the concentrations up to 20 mg/mL without light exposure. Furthermore, the phototoxic effect of PPNs against SKOV-3 cells was studied, by exposure of NIR light at 30 mW/cm^2^ for 15 s, 30 s, 1 min, 2 min and 4 min, respectively. Prior to the light irradiation, the cells were incubated with different concentrations of PPNs for 2 hrs, followed by thoroughly washing and replacing the medium. The results of MTS assay demonstrated both a light-dose dependent and PPN-concentration dependent cell killing upon light illumination (Fig.[3](#F3){ref-type="fig"}B). Interestingly, PPNs-DOX was able to take advantage of both chemotherapy and photodynamic therapy for cell killing. The combination therapy via PPNs-DOX was significantly more efficacious than free DOX, PPNs-DOX without light and PPNs mediated photodynamic therapy alone (Fig.[3](#F3){ref-type="fig"}C). The mechanism of cell death after light irradiation was further investigated. Compared to the control group, significantly increased reactive oxygen spices (ROS) production was detected by flow cytometry (Fig.[3](#F3){ref-type="fig"}D). Furthermore, obvious increased ROS fluorescence was observed under fluorescence microscopy (Fig. [S14](#SM0){ref-type="supplementary-material"}). The ROS production led to loss of mitochondrial membrane potential and cell apoptosis, verified by propidium iodide (PI) and 3,3\'-Dihexyloxacarbocyanine Iodide (DIOC~6~(3)) co-staining (Fig.[3](#F3){ref-type="fig"}E) and increased cleaved caspase-3 activation (Fig.[3](#F3){ref-type="fig"}F), respectively. As shown in Fig. [3](#F3){ref-type="fig"}E, cells in the control group displayed green fluorescence of DIOC~6~(3) without red fluorescence of PI, whereas cells in the treated group displayed only red fluorescence of PI, suggesting that the cells were killed upon light irradiation. The cellular damage was also observed after the light irradiation (Fig.[3](#F3){ref-type="fig"}G).

PPNs mediated multimodal therapy
--------------------------------

Not only do PPNs have imaging functions, they can also be used as photosensitizer for PDT and PTT. We have previously demonstrated that there was significant photothermal transduction (heat generation) associated with intact porphyrin-based nanoparticles while obvious photodynamic effect (ROS production) was found when the nanoparticles were dissociated [@B47]. The heat generation and photodynamic effect (ROS production) of PPNs was investigated *in vitro* and in tumors. Compared with PBS and small-molecule pyropheophorbide a, PPNs displayed a much higher photothermal conversion efficiency (Fig. [S15](#SM0){ref-type="supplementary-material"}). As PPNs are highly self-quenched in PBS (Fig. [S16](#SM0){ref-type="supplementary-material"}), the thermal effect of PPNs during different dose of light irradiation was evaluated using a thermal camera. The temperature increased rapidly from 31 ^o^C to 54 ^o^C when PPNs solutions at a concentration of 0 to 0.3 mg/mL porphyrin were exposed to 690 nm laser at 1.25 W/cm^2^ for 30 s. When PPNs were dissociated in the presence of SDS, same dose of light caused a mild and continuous temperature increase to 42 ^o^C. However, with a laser at 0.5 W/cm^2^, the temperature of PPNs in PBS and PPNs in SDS only increased to 33 ^o^C and 31 ^o^C, respectively (Fig.[4](#F4){ref-type="fig"}A). Meanwhile, PPNs were able to retain their structural stability upon multiple irradiations by 690 nm laser (Fig. [S17](#SM0){ref-type="supplementary-material"}). The efficiency of photothermal transduction of PPNs *in vivo* was further investigated by recording tumor temperature during irradiation compared to PBS controls (Fig.[4](#F4){ref-type="fig"}B). The SKOV-3 xenograft-bearing mice were intravenously injected with 3 mg/kg PPNs or PBS. The tumors were then irradiated with 690 nm light at 1.25 W/cm^2^ for 3 min at 24 hrs post-injection. The tumor temperature in the PBS control group increased moderately to 38 ^o^C while that in PPNs group increased dramatically from 28^o^C to 56 ^o^C at the end of 3 min irradiation. However, with irradiation at 0.5 W/cm^2^ for 3 min, a mild increase to a final temperature of 31 ^o^C and 33 ^o^C was observed in the PBS control group and PPNs group, respectively (Fig.[4](#F4){ref-type="fig"}C, D). Moreover, the ROS production in the tumors upon laser irradiation was measured. In contrast to PBS control group, significantly higher ROS was generated by light irradiation in the PPNs group with irradiation at 0.5 W/cm^2^ for 3 min (Fig.[4](#F4){ref-type="fig"}E).

The antitumor efficacy of PPNs was further assessed by monitoring the growth rate of tumors in an *in vivo* subcutaneous model bearing ovarian cancer xenograft (Fig.[5](#F5){ref-type="fig"}A). Free DOX and PPNs-DOX at the equivalent dose of DOX (2.5 mg/kg), PPNs and PPNs-DOX at the equivalent dose of porphyrin (2 mg/kg), as well as the PBS control were intravenously administrated every five days on days 0, 5, 10 and 15 respectively. Interestingly, mice receiving 2.5 mg/kg free DOX did not exhibit obvious antitumor effect compared to the PBS control group, whereas mice receiving 2.5 mg/kg PPNs-DOX did slow down the tumor growth considerably. In another group, tumors treated with PPNs and laser irradiation (690 nm laser at 0.5 W/cm^2^ for 2 min) showed similar decreased tumor growth rate. Furthermore, PPNs-DOX mediated combination of phototherapy (low dose, 0.5 W/cm^2^ for 2 min) with same dose of DOX showed remarkable delay in tumor growth compared to PPNs-DOX without light or with 690 nm laser at 0.5 W/cm^2^ for 2 min. Under irradiation with high dose of light at 1.25 W/cm^2^ for 2 min, mice developed eschars on the tumors starting from day 2 post-treatment, and the tissue healed in the following 2 weeks. By day 45, the group of mice received high light dose (690 nm laser at 1.25 W/cm^2^ for 2 min) achieved 100% survival rate; only one out of six mice in this group exhibited tumor recurrence. The survival rate of mice in all groups was presented by the Kaplan-Meier survival curves shown in Fig. [5](#F5){ref-type="fig"}B. For the mice treated with free DOX or laser-alone, no obvious prolonged survival rate was observed compared to the PBS control group. While mice in the PPNs-DOX treated group (no light) started to reach the end point on day 24, and all the mice were euthanized by day 36. However, the mice receiving combination therapy of phototherapy (low dose, low dose, 0.5 W/cm^2^ for 2 min) with DOX achieved 80% survival rate by day 40, then the tumors recurred and 50% of the mice reached the end point by day 45. H&E staining of tumor tissue after phototherapy was performed to evaluate treatment efficacy (Fig.[5](#F5){ref-type="fig"}C, D). In the control tumor, no necrosis or obvious cellular damage was noticed, whereas the tumor received low dose of light exhibited signs of sporadic necrosis. Furthermore, tumors irradiated with high dose of light showed extensive cell destruction and loss of tissue architecture.

*In vivo* toxicity evaluation
-----------------------------

The potential toxicity of PPNs and the related formulations was assessed in all treated mice. The body weight change, blood cell counts and serum chemistry including renal and hepatic function panels were monitored. Compare to the PBS control group, no obvious body weight loss was observed in all groups (Fig.[6](#F6){ref-type="fig"}A). 5 days after the last dose on day 15, the blood samples were collected for blood cell counts and serum chemistry analysis. As shown in Fig. [6](#F6){ref-type="fig"}B, red blood cell count, white blood cell count, hemoglobin, platelets and attributes in all treatment groups were very similar to PBS control group after 4 doses of treatment. The renal and hepatic functions of the mice including ALT, AST, BUN and Creatinine were generally within the normal ranges, with the exception of slightly elevated total bilirubin in the combination group after light irradiation was observed (Fig. [6](#F6){ref-type="fig"}B). After mice in control group and PPNs-DOX group reached the end point on day 50, the major organs were resected for histopathological examination. The results indicated that all the examined organs were in normal condition (Fig.[6](#F6){ref-type="fig"}C).

Discussion
==========

Nanomaterials offer new strategy for cancer therapy by altering pharmacokinetic profile of loaded drugs, reduce systemic toxicity, and improve the therapeutic index [@B82]-[@B84]. However, the use of these clinically approved nanoformulations has not always achieved significantly improved clinical outcomes. Recently, integration of multimodal diagnostic and therapeutic functions within a single nanoparticle has been an attractive research direction in developing next generation of nanoparticles [@B3], [@B6]-[@B12], [@B35], [@B85], [@B86]. Inorganic nanoparticles have been extensively explored for this application on the basis of their intrinsic capability for photothermal therapy, fluorescence imaging, photoacoustic tomography and magnetic resonance imaging [@B5], [@B6], [@B8], [@B13], [@B22], [@B23]. However, concerns regarding biocompatibility and limited drug loading capacity hindered their further clinical applications. In contrast, organic nanoparticles including liposomes and micelles, have achieved broad clinical implementation due to robust long-term safety and effective drug delivery capacity. However, these carrier-based organic nanoparticles are typically difficult to integrate new therapeutic and imaging modalities. In the present study, by using one single building block, PVA-phorphyrin conjugate and a simple and economic "one-pot" formulation approach, we were able to fabricate a highly versatile and multifunctional PPN nanoplatform in aqueous solutions. The PPNs showed interesting optical properties, with light-absorption and structure dependent fluorescence (self-quenching) in the near-infrared region. In addition to their drug delivery function, PPNs could also be used as photosensitizers for PDT and PTT, as well as imaging probes for NIR fluorescence imaging.

Poly(vinyl alcohol) (PVA), a water-soluble synthetic polymer with simple linear structure, has a well-documented history of biomedical applications, specifically in the form of hydrogel materials and utility in tissue engineering [@B87], [@B88]. However, PVA based physical hydrogels failed to appear in the focus of biomedical research due to their hundreds of micrometers in size that largely ruled out nanoscale materials design [@B89], [@B90]. Here, we developed PVA-porphyrin conjugates via one step ester formation, which could self-assemble into micellar structure in aqueous solutions, with particle sizes below 100 nm. A variety of hydrophobic drugs and imaging agents could be incorporated during the nanoparticle formation via self-assembly. With well-defined chemical structure, uniform size and narrow size distribution, excellent drug loading efficiency and biocompatibility, the PVA-porphyrin-based nanoparticles offer unprecedented opportunities for bio-imaging and therapeutic applications, including image-guided surgery and intra-operative phototherapy.

PDT and PTT have shown great promise for the treatment of human diseases. In PDT and PTT, photosensitizers are needed for the light energy conversion^56^. So far, most of the PTT agents are based on inorganic nanomaterials [@B13], [@B30], [@B91]-[@B96], which demonstrate much larger absorption coefficient in the NIR regions in contrast to the monomeric chromophores. Until recently, a few organic-based nanoparticles, such as photosensitizer-containing micelles, liposomes, and diketopyrrolopyrrole-triphenylamine nanoparticles, were reported to exhibit excellent PTT function [@B52]-[@B56]. In the present study, PPNs were developed to use as an organic dual modal PTT/PDT agent that could be activated by near infrared light at a single excitation wavelength. The PTT effect of PPNs resulted from the unique structure-based highly self-quenching properties of porphyrin, showing comparable photothermal efficiency to inorganic PTT agents. In our animal study, PPNs mediated PTT/PDT was found to be very effective, particularly at high light dose of 1.25 W/cm^2^ for 2 min (Figure [5](#F5){ref-type="fig"}a). At lower light dose of 0.5 W/cm^2^ for 2 min, therapeutic effect was only modest, but can be greatly increased by incorporating low dose doxorubicin inside the nanoparticle. This desirable synergistic effect can in part be explained by the non-overlapping mechanisms of PTT/PDT and doxorubicin [@B97]. The use of important control groups such as "PPNs + light" plus "free Dox" is critical to demonstrate the necessity of making such an all-in-one PPN nanoplatform for fulfilling multitasks concurrently. It will be included in our future study design.

Conclusion
==========

In summary, we have developed a highly versatile and biocompatible theranostic nanoplatform based on PVA-porphyrin assemblies for cancer imaging and therapy through a simple "one-pot" approach. It provides a much easier and cheaper strategy for the integration of multiple imaging and therapeutic modalities towards personalized nanomedicine. The extremely simple production procedure of this type of nanoparticle will greatly facilitate its clinical translation. Our future work will focus on optimizing chemical structures of PPNs, as well as decoration of PPNs with tumor-targeting ligands identified by the well-established "one-bead-one-compound" (OBOC) combinatorial library approach used in our laboratory [@B98], [@B99], providing opportunities for further applications against specific cancer type.
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![**The schematic illustration of fabrication of PPNs by one-pot approach and characterizations of the resulting PPNs.** (**A**) Schematic representation of PPNs prepared by the self-assembly of PVA-porphyrin conjugates. (**B, C**) TEM images of PPNs stained with phosphotungstic acid. (**D, E**) Size distribution of PPNs and DOX-loaded PPNs (PPNs-DOX, DOX initial loading at 1mg/20mg PPNs) in PBS, measured by dynamic light scattering (DLS). (**F**) Absorption spectra of PVA (blue), pyropheophorbide a (red) and PVA-porphyrin conjugates (green) in DMSO & water. (**G**) Fluorescence emission spectra of PPNs in PBS (blue) versus dissociated state of PPNs in the presence of SDS (red), as well as near-infrared imaging of PPNs solutions in PBS and SDS, respectively. (**H**) The DOX loading efficiency of PPNs and the particle size change of PPNs-DOX versus the level of drug added at initial loading. The amount of DOX was varied from 1 to 4 mg while that of PVA-porphyrin was kept at 20mg. PPNs-DOX with initial loading at 1mg/20mg PPNs were used for the following *in vitro* and *in vivo* studies. (**I**) Cumulative DOX release profiles from free DOX and DOX-loaded PPNs by dialysis method.](thnov07p3901g001){#F1}

![**Cell uptake, *in vivo* and *ex vivo* near-infrared optical imaging of PPNs.** (**A**) Porphyrin fluorescence in SKOV-3 cells after incubation with PPNs (0.1mg/mL) at different time points. (**B**) Confocal images of SKOV-3 cells incubated with 100 μg/ml free DOX and DOX-loaded PPNs for 30 min and 6 h. (**C**) Pharmacokinetic study of free DOX (5mg/kg) and PPNs-DOX (5mg/kg) in rats. (**D**) The biodistribution of free DOX (5mg/kg) and DOX from PPNs-DOX (5mg/kg) in rats. (**E**) Representative*in vivo* NIFR optical images (Por channel) of subcutaneous SKOV-3 tumor-bearing mice at 18 hrs after intravenous administration of PPNs (20mg/ml). (**F**) *Ex vivo* optical images (Por channel) of tumors and major organs of SKOV-3 xenograft-bearing mice euthanized at different time points post-injection of PPNs.](thnov07p3901g002){#F2}

![***In vitro* antitumor effects of PPNs mediated chemotherapy and photodynamic therapy.** (**A**) Cytotoxicity of empty PPNs and the antitumor effects of PPNs-DOX in SKOV-3 ovarian cancer cells, compared with free DOX. (**B**) Cell viability of SKOV-3 cancer cells after 2 hrs incubation with PPNs followed by exposure of 30 mW/cm^2^ NIR light for 15 s, 30 s, 1 min, 2 min and 4 min. (**C**) Cell killing effect of DOX combined with PPNs mediated photo-therapy. SKOV-3 cancer cells were treated with PPNs, free DOX, and PPNs-DOX for 6 hrs. Cells were irradiated with light for 2 min, and cell viability was measured by MTS assay after 72 hrs (*P*\<0.05). (**D**) ROS production was quantified by flow cytometry in SKOV-3 cancer cells treated with different concentrations of PPNs for 2 hrs, followed by 30 mW/cm^2^ laser irradiation for 2 min. (**E**) SKOV-3 cancer cells were incubated with 100 µg/mL PPNs for 2 hrs followed by light irradiation for 2 min. 24 hrs later, cells were stained with 40 nM DiOC~6~(3) (Green, mitochondrial membrane potential), propridium iodide (PI, red, dead cells) and Hoechst 33342 (blue, nucleus). (**F**) SKOV-3 cancer cells were treated with different concentrations of PPNs for 2 hrs followed by PDT. Cleaved caspase-3 expression was measured by western blot analysis 24 h later. (**G**) Cell morphology of SKOV-3 cancer cells after PDT was evaluated by Hema 3 staining.](thnov07p3901g003){#F3}

![**Photothermal transduction of PPNs *in vitro* and *in vivo.*** (**A**) Temperature increase curve of PPNs in the absence and in the presence of SDS upon various irradiations with a 690 nm laser at the dose of 0.5W/cm^2^ and 1.25 W/cm^2^ for 30 s (n=3). (**B**) The set-up of the light irradiation showing the position of light source and SKOV-3 tumor-bearing mice. (**C**) Representative thermal images of SKOV-3 tumor-bearing mice 24 hrs after intravenous administration with 2 mg/kg PPNs or PBS. The images were captured by thermal camera in tumors subjected to various irradiations with a 690 nm laser. (**D**) Tumor temperature increase curve during the 180 s laser irradiation (n=3). (**E**) ROS production at the tumor site in SKOV-3 tumor-bearing mice treated with 2 mg/kg PPNs or PBS for 24 hrs followed by various laser irradiations for 2 min (*P*\<0.05).](thnov07p3901g004){#F4}

![***In vivo* therapeutic response to PPNs mediated chemotherapy combined with photo-therapy.** (**A**) *In vivo* antitumor efficacy after the intravenous treatment of various DOX formulations combined with PPNs mediated photo-therapy (n=6). The SKOV-3 tumor-bearing mice were intravenously injected with PBS (control), free DOX (2.5 mg/kg), PPNs (2 mg/kg calculate on porphyrin) and PPNs-DOX (PPNs 2 mg/kg, DOX 2.5 mg/kg) on day 0, 5, 10 and 15 followed by various light irradiations for 2 min on tumors at 24 hrs post injection. (**B**) Kaplan-Meier survival curves of SKOV-3 tumor-bearing mice treated with above indicated conditions (n=6). Tumor volume reached 500 mm^3^ was considered as the end point of survival data. (**C**) Photographs showing therapeutic response to PPNs mediated phototherapy with irradiation at 0.5 W/cm^2^ for 2 min and 1.25 W/cm^2^ for 2 min, respectively. (**D**) H&E staining of tumor sections collected from control mice and PPNs injected (2 mg/kg) and variously irradiated mice (0.5 W for 2 min and 1.25 W for 2 min, respectively) at 24 hrs post injection.](thnov07p3901g005){#F5}

![**Toxicity analysis of PPNs *in vivo*.** (**A**) Body weight changes of SKOV-3 tumor-bearing mice after intravenously treated with various DOX formulations (DOX=2.5 mg/kg, PPNs=2 mg/kg calculate on porphyrin) with or without light irradiation (n=6). (**B**) Blood cell counts and serum chemistry of mice with intravenous administration of PPNs or PBS at day 5 after the last dosage (mean ± SD, n=3). **(C**) Representative H&E stained images of major organs from mice in PBS control group and PPNs-DOX administrated (2 mg/kg, calculated on porphyrin) at day 50 after SKOV-3 injection.](thnov07p3901g006){#F6}
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